Abstract. The seven color Vilnius photometric system offers an opportunity to isolate different components of atmospheric extinction. This paper describes an attempt to do so using observations made at the Mount John University Observatory in New Zealand.
INTRODUCTION
The total atmospheric extinction is usually considered to be comprised of three different sources of extinction: scattering off molecules (Rayleigh scattering), scattering off particles of dust or droplets of any size (aerosol scattering) and absorption by molecules (van de Hulst 1981 , Hayes & Latham 1975 .
In the optical region, the main molecular absorption bands are: the strong Huggins ozone band at 320 -340 nm, the weak and flat Chappuis ozone band centered at 575 nm and some water absorption bands at 710, 809, 970 and 1080 nm (Sterken & Manfroid 1992 , Hayes & Latham 1975 . The water absorption is highly variable and, at a good observatory site, usually very weak in A < 690 nm and can be ignored on most nights. This is particularly true for the Vilnius filter set, as can be seen in Fig. 1 . Therefore, the total extinction can be written as &total -^Rayleigh ^aerosol 4" kozone.
(1)
Determining the total extinction coefficients at the seven different wavelengths of the Vilnius system opens the possibility of deriving these individual components and following their evolution on various time scales (hourly if determined by Nikonov's (1953) method or daily if determined by Bouguer's method (Hardie 1962) ). 3000 4000 5000 6000 7000 8000 9000 Fig. 1 . Typical atmospheric extinction across the optical region, assuming the equivalent of 10 mm of water vapor and 3 mm of ozone. Taken from Table 7 of Straizys (1992) . The Vilnius system passbands are included for comparison.
RAYLEIGH
The Rayleigh scattering can, in principle, be calculated at Standard Temperature and Pressure (STP) from the following formula (Hayes &: Latham 1975) ¿RayleighSTP = 9.4977 , IQ^e^7"
with the wavelength A in /¿m, which was adapted from Penndorf (1957) . The formula has been normalised to A = 1 //m, with n being the refractive index and the coefficient 9.4977 • 10 -3 corresponding to the optical thickness of the atmosphere at A = 1 /im. This is adjusted for the height h (in km) of the observatory above sea-level with the density scale-height for the lower troposphere assumed to be 7.996 km.
The normalised index of refraction term is given by (n-l) A 1.076-10 2 0.93161
The Rayleigh scattering can be scaled from STP (Penndorf 1957 , King $z Byrne 1976 using
where T and P are the actual temperature and pressure during the observations, and TSTP and PSTP are 273.15 K and 760 mm Hg (=1 atm), respectively.
OZONE
The ozone extinction can be calculated from "•ozone -l-H^ozone where c^ozone is the total ozone content (atm-cm) of the atmosphere in a vertical column of 1 cm 2 cross-section, K 0 zone(A) is the ozone absorption coefficient (cm -1 ), taken from the tables of Gast (1960) , and 1.11 corresponds to the optical thickness of ozone at 320 nm (Hayes & Latham 1975) . Note that the ozone is concentrated between 10 and 35 km above sea level and so is independent of a ground based altitude of the observatory.
It has been found that the daily variation in ozone content is approximately the same as the seasonal variation (King & Byrne 1976 ) so the tables of mean ozone content for season and latitude from Allen (1963) should only be used for seasonal means, not daily values.
AEROSOLS
The wavelength dependence of the aerosol extinction is primarily due to the size distribution of aerosol particles (King & Byrne 1976) . By modeling the aerosols as homogeneous spheres with radius r and complex refractive index n, it has been shown that Mie theory (van de Hulst 1981 , King et al. 1978 2 ) in the radius interval r -• r + dr. Eq. (6) can be inverted to obtain N c , as was done by King et al. (1978) for observations of 57 days in Tucson. Fig. 2 shows schematically the size distributions and corresponding ^aerosol "spectrum" for the three diffferent classes found.
The first class is approximately a linear Junge (1963) size distribution and was found for 30 % of the observations. This can be characterized in a A,' aeroso i diagram by a straight line (occasionally with a slight curvature) with a large negative slope (ct ~ +1.5, see below).
A Junge size distribution is a power-law
for r = 0 -> oo, giving
which is the empirical formula found by Angstrom (1929) 
with a = v* -2. Assuming the size distribution can be characterized by particles with just one (effective) radius r e , then the parameter a is related to this radius (Gutierrez-Moreno et al. 1982 ); a ~ 1 r e ~ A, a > 2 r e < A, and a < 1 r e A. This empirical Eq. (9) has been used in many aerosol extinction studies, for example Hayes & Latham (1975) , Gutierrez-Moreno et al. (1982) , Rufener (1986) , Reimann et al. (1992) and Sterken & Manfroid (1992) . Correction of the unrealistic assumption of infinite spread in radius or slight deviations from the Junge distribution leads to a slight curvature in the ^aerosol plot, adding a quadratic term (King &: Byrne 1976) log(fcaerosol) = log(0) -ttlog(A) + 7[log(A)] 2 .
(10) The second class is an approximately Gaussian size distribution, which was found for ~ 30 % of King's observations. In the fcaeroso] diagram it is characterized by a line with some curvature and a positive slope, giving a negative a.
The third class is actually a combination of the two previous size distributions and is characterized by a small a. It was the most common distribution, being found for ~ 50 % of the observations. This two component distribution is thought to arise from two aerosol production mechanisms (King et al. 1978) , namely: (a) nucleation from a gas phase and later coagulation, predominately with r < 0.5 //m, (b) particles created by mechanical or wind stress from the Earth's surface, predominately with r > 1 ¡J,m.
Thus even when Angstrom's empirical formula (9) is not an appropriate model for the aerosol size distribution, the sign and magnitude of the parameter a appears to indicate the type of distribution (Junge, Gaussian or combination).
FITTING PROCEDURES
The Rayleigh extinction coefficients at STP were calculated using Eqs. (2) and (3) and convolved with the response functions of the standard Vilnius system (Straizys & Zdanavicius 1970 , Straizys 1992 to produce the effective extinction coefficients of each filter, given in Table 1 .
Similarly, the absorption coefficients of ozone were taken from Gast (1960) and convolved with the response functions of the standard Vilnius system to produce the effective absorption coefficients (cm -1 ) of each filter. For comparison with the Rayleigh coefficients, the ozone absorption coefficients were then converted to mean extinction coefficients using Eq. (5) and the total ozone (averaged over a year) at latitude 40° S from Allen (1963) .
The aerosol extinction coefficients (Eq. (9)) were calculated at the effective wavelength (Ao) of each filter as the wavelength dependence in the optical region was found to be nearly flat -also, it would have been very difficult to calculate the effective extinction as it depends on a, one of the parameters we wish to fit. On 13 April 1992, the monochromatic extinction was determined approximately hourly using Nikonov's method, based on observations of HD 86629 and HD 114613 (and HD 114613 with HD 147513 later in the night) using the Boiler and Chivens 61 cm telescope at the Mount John University Observatory (hereafter MJUO). The extinction on this night showed a gradual linear decrease. Fitting the extinction components may allow Young's (1974) explanation that such decreases in extinction are due to a slow fallout of aerosols (when the solar driven convection which stirs up the aerosols ceases) to be checked. Hence, the extinction was fitted as a trial using a. Levenberg-Marquardt non-linear least squares subroutine (Press et al. 1992 ) on fctotal = «i ^Rayleigh,STP + ^ozone.mean + a3 A"" 4
where ai measures the fractional change from STP and 02 measures the fractional change from the mean ozone content.
RESULTS
The total extinction was fitted for each extinction star measurement with all four parameters free. The Rayleigh component (ai) shows a gradual increase during the night (see Fig. 3 ) while the other parameters have such large scatter that no trends can be seen. This large scatter is due to strong correlations between the parameters (especially the Rayleigh component which is essentially proportional to A 4 and the aerosol component, which is proportional to A a ), which makes the fits very sensitive to measurement errors. To try to reduce this scatter, a straight line was fitted to the Rayleigh coefficients and ai was fixed at the appropriate value from this line for each measurement during the night, while the remaining three parameters were refitted. This succeeded in reducing the scatter sufficiently that trends could be seen in all the coefficients.
At the beginning of the night, the Rayleigh coefficient was ai -TSTP P 0.96. T PsTP Assuming P -PSTP, this implies the air temperature T ~ 11°C, which shows good agreement with the recorded dome temperature of 12°C. A similar calculation for the end of the night gives T « -10°C. However the dome (interior) temperature showed no significant change from 12°C (i.e. within ±1°) during the night. The insulating properties of the dome walls and roof together with the heat generated by the electronics and telescope and dome motors would tend to hold the dome interior at a higher temperature than the outside air. Thus it seems more likely that the air temperature did decrease during the night, to 0°C say, and the air pressure also increased slightly.
The ozone content shows a decreasing trend until ~ 8 -9 h UT, an increase until ~ 15 h UT, when it decreased again (see Fig. 4 ). As astronomical twilight ended and began at ~ 7 h UT and ~ 17 h UT respectively at sea-level on 13 April 1992 (The Astronomical Almanac 1992), and the ozone layer is ~ 21 km above sea level (Allen 1963 ), a simple calculation shows that the twilight for the ozone layer ended/began at ~ 8 h/16 h UT. Thus, it seems possible that the decrease in ozone content is due to the Sun's ultraviolet light breaking up the ozone during the day and the increase is the layer reforming during the night. The negative values for the ozone coefficients around 9 h UT are not realistic. As the ozone is the weakest component of the total extinction (in the wavelength region measured), slightly too large values in the other components would have a significant effect on the derived ozone content, forcing it too far down.
To reduce this problem, another filter would be needed to measure a wavelength region with stronger ozone absorption.
The 600 nm region is ruled out, as the H2O absorption band is of approximately equal size to the ozone absorption there. This only leaves a region at ~ 300 nm. The Rayleigh extinction is also large at that wavelength, but fortunately it can be accurately predicted from measurements of the air temperature and pressure. A blue star of O or B spectral class would probably be needed as the extinction star to get a good signal at these wavelengths.
The aerosol content (03, see Fig. 5 ) shows an overall decrease during the night, with slight increases at the beginning of the night and between 12-14 h UT. These increases seem to be correlated with a slight breeze present at those times. However the aerosol size distribution parameter (<24, see Fig. 6 ) shows a slight rise until ~ 11 h UT, then a decrease for the rest of the night. The small, positive value of 04 at the beginning of the night indicates a mixture of Junge and Gaussian particle size distributions. The increasingly negative value after 11 h UT indicates the distribution is becoming more Gaussian as the night progresses, i.e. there are less small sized particles. It is possible that these small particles (which are caused by nucleation from a gas phase) coalesce together, forming larger particles while decreasing the total number of particles (and hence reducing <23). Hence, the results are consistent with Young's contention that the decrease in extinction is due to a decreasing number of aerosols during the night, but indicates a different mechanism is removing these particles.
The rapid changes in the extinction components (i.e. on a time scale of hours) means fitting the components to the average extinction coefficients for a night would only be valid for nights with constant extinction. However, over a long enough time scale (i.e. months or years), the average extinction might be accurately fitted by the average amount of the components. To test this, the mean extinction coefficients for all photometric nights were fitted -see Fig. 7 .
It was necessary to split the data into two sets: before and after the aerosols from the Mount Pinatubo eruption arrived at MJUOsee Table 2 and Fig. 8 . As the aerosols ejected into the stratosphere may also deplete the ozone layer (Stowe et al. 1992) , it was necessary to fit the ozone and aerosol components to both data sets. However, the Rayleigh component was not expected to be changed by the eruption so the value derived in the pre-Pinatubo fit was used (as a fixed parameter) in the post-Pinatubo fit. The results are given in Table 3 .
From Allen (1963), the mean temperature (at sea-level) for latitude -45° is ~ 8°C while the mean air pressure at h = 1 km is 899 mb (at sea-level, PSTP = 1013 mb), so 1SB8 . 1989 1SB8 . , 1990 1SB8 . . 1991 1SB8 . . 1992 1SB8 . , 1993 view of the large uncertainties in the coefficients, this decrease may not be real but a result of correlations in the fitting procedure. The aerosol content has increased by a factor of four, with the particle size distribution becoming more Gaussian (from the Pre-Pinatubo Junge and Gaussian mixture). The aerosol extinction spectrum looks nearly flat (i.e. grey -see APinatubo in Table 3 ), as was also found by Gutierrez-Moreno et al. (1982) , Sterken & Manfroid (1992) and Grothues & Gochermann (1992) . Tereshchenko (1993) , observing at Tien Shan Observatory in Kazakhstan found a reduction of about 10 % in the transparency of the atmosphere due to the Pinatubo eruption though his extinction spectrum is less grey than that observed at Mt. John Observatory.
CONCLUSIONS
The extinction data from the Vilnius filter set can be used to derive the contributions from the Rayleigh, ozone and aerosol components. However the major component, Rayleigh scattering, should be predicted (from Eq. (2) and measuring the air temperature and pressure) rather than fitted, to reduce the large uncertainties due to the correlations between the parameters. The rapid changes in all three components mean Nikonov's method (or other similar method) must be used to measure the extinction hourly -only a night with constant extinction may be fitted from the night's average extinction. The Mount Pinatubo eruption significantly reduced the ozone content and increased the aerosol content (in the stratosphere).
